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The limited number of in vivo germ cells poses an
impediment to genome-wide studies. Here, we
applied a small-scale chromatin immunoprecipita-
tion sequencing (ChIP-seq) method on purified
mouse fetal germ cells to generate genome-wide
maps of four histone modifications (H3K4me3,
H3K27me3, H3K27ac, and H2BK20ac). Comparison
of active chromatin state between somatic, embry-
onic stem, and germ cells revealed promoters and
enhancers needed for stem cell maintenance and
germ cell development. We found the nuclear
receptor Nr5a2 motif to be enriched at a subset of
germ cell cis-regulatory regions, and our results
implicate Nr5a2 in germ cell biology. Interestingly,
in germ cells, the H3K27me3 histone modification
occurs more frequently at regions that are enriched
for retrotransposons and MHC genes, indicating
that these loci are specifically silenced in germ cells.
Together, our study provides genome-wide histone
modification maps of in vivo germ cells and reveals
the molecular chromatin signatures of germ cells.
INTRODUCTION
Germ cells are unipotent cells that differentiate into eithermale or
female gametes. The fusion of the mature male and female
gametes generates a zygote that gives rise to all cell types of
the embryo proper and extraembryonic tissues. To date, germ
cells are the only cell type that can revert back to pluripotent
embryonic germcells (EGCs) simply by providing the appropriate
culture system (Matsui et al., 1992; Resnick et al., 1992),
Remarkably, this conversion does not require the overexpres-
sion of any transcription factor, occurs rapidly (within 7 to
10 days), and the conversion efficiency drastically declines as
germ cells progress from embryonic day 8.5 (E8.5) to E12.5324 Developmental Cell 24, 324–333, February 11, 2013 ª2013 Elsev(Labosky et al., 1994). Therefore, these studies suggest that
germ cells undergo developmental changes when they arrive at
the genital ridge such that the ability to regain pluripotency is lost.
In vivo, germ cells undergo extensive epigenetic reprog-
ramming that is pivotal for parental imprint erasure and X
chromosome reactivation, and potentially primes germ cells for
postfertilization development into the early embryo (Sasaki and
Matsui, 2008). Prior to E13.5, germ cells reduce stable repressive
marks such as histone H3 lysine 9 dimethylation (H3K9me2) and
gain histone H3 lysine 27 trimethylation (H3K27me3), which is
a repressive mark associated with poised developmental genes
(Bernstein et al., 2006; Seki et al., 2005). Germ cells also undergo
two rounds of DNA demethylation at E8.0 and E12.5 (Hajkova
et al., 2002; Seki et al., 2005). By E13.5, germ cells are exceed-
ingly hypomethylated, with DNAmethylation reaching levels that
are lower than DNA methylation-deficient mouse embryonic
stem cells (ESCs) (Popp et al., 2010).
Because combinatorial chromatin modifications can identify
cis-regulatory regions (Heintzman et al., 2009), analyzing the
epigenome of germ cells will provide insights into the biology
of these cells. Given that chromatin immunoprecipitation
coupled to sequencing (ChIP-seq) typically requires millions of
cells, it is impractical to purify the limited number of germ cells
on such a large scale. Here, we devised a small-scale ChIP-
seq strategy to map histone modifications in fetal germ cells.
Using the genome-wide maps of four histone modifications
(H3K4me3, H3K27me3, H3K27ac, and H2BK20ac), coupled
with transcriptional profiling and motif analyses, we identified
genomic loci with germ cell promoter and enhancer signatures,
and demonstrated that Nr5a2 is implicated in germ cell biology.
In addition, we found classes of H3K27me3-marked sites that
are enriched for H3K27me3 in germ cells compared to ESCs
and other somatic cell types, which suggest extensive silencing
of key developmental pathways in germ cells. These germ-cell-
specific H3K27me3 marks are also enriched for retrotransposon
repeats and major histocompatibility complex (MHC) genes,
indicating an additional importance of H3K27me3 in suppressing
retrotransposons in the DNA methylation-deficient germ cells.
Lastly, our data reveal classes of differentially marked genes in
ESCs and germ cells, which provide insight into major processesier Inc.
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Figure 1. Robustness of Modified Small-Scale ChIP-Seq Method to Map Histone Modifications using a Small Number of Purified Cells
(A) Experimental workflow of small-scale ChIP-seq. Germ cells were FACS-purified based on Pou5f1-GFP expression. Following ChIP, the reverse-crosslinked
immunoprecipitated DNAwas amplified by 15 cycles of WGA. Amplification adaptors were cleaved by two rounds of BpmI restriction digestion prior to ChIP-seq
library preparation.
(B) qPCR results of small-scale H3K4me3ChIP performed on 10,000, 25,000, and 100,000mouse ESCs after WGA amplification. Pou5f1DE andPou5f1 Pro refer
to the distal enhancer and proximal promoter of the Pou5f1 gene, respectively. Data represent the mean ± SEM (n = 3).
(C) UCSC browser view showing the similarity of mouse ESC H3K4me3 ChIP-seq tag count signals without (standard) and with 15 cycles (technical duplicates:
WGA1 and WGA2) of WGA.
(D) Scatterplot of mouse ESC H3K4me3 ChIP-seq signals and Venn diagram illustrating overlap of peaks (using top 10,000 peaks) between amplified (WGA1
and WGA2) and nonamplified samples (Standard). Each point represents total tag count in a randomly chosen 1-kb genomic region; 100,000 bins are shown in
the scatterplot.
See also Figure S1 and Table S1.
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cells from ESCs.
RESULTS
A Robust Small-Scale ChIP-Seq Method for a Small
Number of Cells
Given the relatively small number of germ cells in vivo, it is
necessary to modify the standard ChIP protocol (Figure 1A; see
Experimental Procedures). We first tested our small-scale ChIP
method on ESCs using H3K4me3 ChIP quantitative PCR
(qPCR), and detected enrichment at the Pou5f1 enhancer and
promoter as well as at known bivalent genes when as few as
10,000 cells were used (Figure 1B). Notably, whole-genome
amplification (WGA) was essential to achieve sufficient material
for ChIP-seq, and without it the amount of DNA could not be
accuratelymeasured. As a strategy to remove theWGAadaptorsDevelopmthat would interfere with subsequent reference genome map-
ping, WGA was performed using primer pairs that contain BpmI
recognition sites; BpmI cleaves DNA 16 bp after its recognition
site. We prepared two technical replicates ofWGA/BpmI-treated
H3K4me3 ChIP-seq libraries using 50 pg ChIP DNA that was
isolated from a standard protocol. WGA technical duplicates
(WGA1 andWGA2) are similar to each other and highly correlated
to their standard counterpart (r = 0.898 and 0.896), with a peak
overlap of 86.4% and 86.1%, respectively (Figures 1C and 1D).
We then tested our small-scale ChIP-seq methodology directly
on 1,000, 10,000, and 100,000 ESCs for the H3K27me3 histone
modification. The small-scaleChIP-seqdata also showhigh simi-
larity, correlation, and sensitivity to data from a standard ChIP-
seq (Figures S1A–S1C available online). Therefore, our small-
scale ChIP-seq method can be used to generate genome-wide
data from a small number of cells, which will be valuable for
studying developmental processes in vivo.ental Cell 24, 324–333, February 11, 2013 ª2013 Elsevier Inc. 325
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Figure 2. Identification of Active Promoters and Enhancers in Germ Cells
(A) UCSC browser view of active promoter regions (indicated by orange horizontal bar) marked by H3K4me3 and H3K27ac in E13.5 germ cells.
(legend continued on next page)
Developmental Cell
In Vivo Epigenomic Profiling of Germ Cells
326 Developmental Cell 24, 324–333, February 11, 2013 ª2013 Elsevier Inc.
Developmental Cell
In Vivo Epigenomic Profiling of Germ CellsDistinct Classes of Active Promoters and Enhancers
Distinguish ESCs and Germ Cells from Somatic Cells
To ensure that a pure population of germ cells is used, green
fluorescent protein-positive (GFP+) germ cells from the gonads
of Pou5f1-GFP transgenic mouse embryos were purified by fluo-
rescence-activated cell sorting (FACS) (Yeom et al., 1996). Using
microarray, we profiled transcriptional changes in postmigratory
germ cells that were purified from E11.5, E13.5, and E15.5
embryos, and used GFP-negative gonadal nongerm cells as
control. We found that E13.5 germ cells are undergoing a transi-
tional phase whereby stem cell maintenance and cell-cycle
genes are downregulated while spermatogenesis genes are
upregulated (Figures S1D and S1E). Therefore, E13.5 germ cells
serve as a paradigm to study events that trigger the loss of ability
to revert back to a pluripotent state in vitro and activation of fetal
germ cell differentiation.
Applying the small-scale ChIP-seq method on FACS-purified
E13.5 male germ cells, we generated ChIP-seq libraries for
H3K4me3, H3K27me3, H3K27ac, and H2BK20ac (Table S1).
More than 90%of the detected H3K4me3 peaksmapped to pro-
moters and CpG islands (Figure S1F), suggesting a high accu-
racy of the prediction method using our H3K4me3 ChIP-seq
data set. In addition, we observed enrichment of H3K4me3
and H3K27ac at highly expressed genes in E13.5 germ cells
(Figures S1G andS1H), andChIP duplicateswerewell correlated
(Figure S1I). For downstream analyses, only peaks (p < 0.01) that
overlap in biological replicates were used (see Supplemental
Experimental Procedures).
As expected, expressed genes (e.g., Zic3, Dazl, Nr5a2, and
Tcl1) exhibit active marks of H3K27ac and H2BK20ac, while
known bivalent genes (e.g., Dlx and Hox) are marked by
both H3K4me3 and H3K27me3 (Figures 2A and S2A). To under-
stand the similarities and differences of germ cells and ESCs,
K-mean clustering was performed on active promoter and
enhancer sites (defined by H3K27ac peaks in either ESCs or
germ cells) (Creyghton et al., 2010; Hawkins et al., 2011). For
this analysis, H3K27ac ChIP-seq signals from neural progenitor
cells (NPC), adult liver, and ProB cells were also included
(Creyghton et al., 2010), and we obtained nine major classes
(Figure S2B; Table S2). Germ-cell-specific H3K27ac peaks
(classes 5, 6, and 9) were enriched for genes (single nearest
genes within 30 kb) with reproduction-related annotations such
as insemination, fertility, and sex determination (e.g., Tex13
and Dazl) (Figures 2A and S2C). Notably, the H3K27ac peaks
shared between ESCs and germ cells (class 1), but absent in
somatic cells, were enriched for stem cell maintenance genes
(e.g., Sox2, Tcl1, and Nanog). However, ESC-specific peaks(B) Plot of H3K4me3 (meK4) and H3K27ac (acK27) ChIP-seq signals for E13.5
and H3K27ac peaks in E13.5 germ cells are shown. A window of 8 kb (4 kb to
H3K27ac histone modification in E13.5 germ cells only (germ cell promoter signa
(C) Enriched mouse phenotypes for nearest genes within 30 kb of E13.5 germ ce
(D) UCSC browser view of enhancer regions (indicated by red horizontal bar) ma
(E) Plot of H3K27ac (acK27) and H2BK20ac (acK20) ChIP-seq signals, which are h
A window of 8 kb (4 kb to +4 kb) around the peak center is shown. Enhancers
(germ cell enhancer signatures) are indicated below the dotted line.
(F) Enriched mouse phenotypes for nearest genes within 30 kb of E13.5 germ ce
(G) The position weight matrix of the top three enriched motifs found at germ ce
See also Figure S2 and Tables S2, S3, and S4.
Developm(class 2) or those shared between ESCs and other somatic
cell types but not germ cells (class 3) are adjacent to genes
involved in various developmental organ systems (e.g., Klf9
and Sox17) (Figure S2C). In addition, the transforming growth
factor b (TGFb) signaling pathway and cell-cycle checkpoint
genes are enriched in E13.5 germ cells as compared to E11.5
germ cells.
Identification of Germ Cell cis-Regulatory Elements
In order to identify active promoters that are marked by the
H3K27ac histone modification in germ cells only (germ cell
promoter signatures), we clustered regions with both
H3K4me3 and H3K27ac in E13.5 germ cells by comparison
with other cell types such as liver, ProB, NPC, and ESC (Fig-
ure 2B) (Creyghton et al., 2010). Genomic Regions Enrichment
of Annotations Tool (GREAT) analysis reveals that the single
nearest genes within 30 kb of these germ cell promoter signa-
tures are highly enriched for mouse phenotypes related to repro-
duction and male fertility (Figure 2C).
Besides promoters, enhancers are also tightly regulated in
a cell-type-specific manner (Creyghton et al., 2010; Heintzman
et al., 2009; Visel et al., 2009). Here, we define enhancers
as regions with H3K27ac peaks (p < 0.01), and neither lying
on any known gene promoter nor exhibiting H3K4me3 peak
(p < 0.01) in both replicates. Based on these criteria, a total
of 3,494 active enhancers were identified for E13.5 germ
cells. Corroborating an enhancer identity, these H3K27ac-
marked regions are also enriched for H2BK20ac and p300
binding in E13.5 germ cells (Figures 2D and S2D) (Visel et al.,
2009; Wang et al., 2008), and enhanced luciferase reporter
gene expression (Figure S2E, see Supplemental Experimental
Procedures).
Among the germ cell enhancers, 2,234 regions (germ cell
enhancer signatures) are marked by H3K27ac and H2BK20ac
specifically in germ cells but not in other cell types (Creyghton
et al., 2010) (Figure 2E). GREAT analysis on the germ cell
enhancer signatures revealed enriched mouse phenotypes
related to small testis, infertility, abnormal gametogenesis, and,
surprisingly, abnormal embryonic growth and embryonic
lethality (Figure 2F). One possibility is that germ cells and ESCs
utilize different enhancers to regulate a common set of genes
associated with embryonic lethality. To examine this further,
we first identified genes with H3K27ac-marked promoters in
both germ cells and ESCs. Among genes adjacent to germ cell
enhancer signatures, 36.1% were also adjacent to an ESC
enhancer signature (Table S3; Figures S2F and S2G; ‘‘differen-
tial’’ enhancers). Significant Gene Ontology (GO) enrichmentgerm cells, adult liver, ProB cells, ESC, and NPC. Top regions for H3K4me3
+4 kb) around the peak center is shown. Promoters that are marked by the
tures) are indicated below the dotted line.
ll promoter signatures (q < 9E-09).
rked by H2BK20ac and H3K27ac in E13.5 germ cells.
allmarks of active enhancers, for E13.5 germ cells, liver, ProB, ESC, and NPC.
that are marked by the H3K27ac histone modification in E13.5 germ cells only
ll enhancer signatures (q < 0.001).
ll enhancer signatures.
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In Vivo Epigenomic Profiling of Germ Cellsterms for this class of overlapping genes include developmental
process, regulation of transcription, cell differentiation, and cell
division (data not shown). However, we did not get enrichment
for stem cell maintenance genes, suggesting that most of
them, such as Pou5f1 (Yeom et al., 1996), Zic3, and Tcl1, are
regulated by ‘‘conserved’’ enhancers in ESCs and germ cells
(Figure S2G). Further comparison of the enriched GO terms
among the different enhancer categories reveals that enhancers
can be differently utilized for functional subcategories of
commonly expressed genes (Figure S2H). We then used the
locations of germ cell enhancer signatures for motif enrichment
analysis, and the FOXP1/ FAC1, DMRT, and RREB1 motifs
emerged as the top three motifs that are enriched at germ cell
enhancer signatures (Figure 2G; Table S4). This is consistent
with previous reports that members of the DMRT family of tran-
scription factors are important for sex determination and germ
cell proliferation (Hong et al., 2007).
Motif Enrichment Analyses Uncover Potential
Regulators of Germ Cell Development
We expect that if a transcription factor is important for germ cell
development, then it should bind to germ cell regulatory
elements to mediate downstream transcriptional changes.
Based on microarray expression, we identified downregulated
(class 1: 836 early germ cell genes) and upregulated genes (class
2: 701 late germ cell genes) from E11.5 to E15.5 (Figure 3A). For
both classes of genes, we selected H3K27ac and H2BK20ac
peaks within 10 kb of their transcriptional start site (TSS). As ex-
pected, class 2 gene regulatory elements were enriched for
motifs of transcription factors (e.g., Egr4 and MovoB) that were
associated with male germ cell development (Li et al., 2002;
Tourtellotte et al., 1999) (Figure 3B). Interestingly, the class 1
gene regulatory elements had a higher frequency of ESC-asso-
ciated transcription factor motifs (e.g., Znf143, Tcf3, Nr5a1/
Nr5a2, Myc, and E2f1) (Figure 3B). Given that many ESC-associ-
ated genes are also expressed in early germ cells (Figure S1E),
this result suggests that ESC-associated factors may also
have functional roles in germ cells. Using published ChIP-seq
data sets of mouse ESCs (Chen et al., 2008; Heng et al., 2010),
we found a significantly greater overlap between Nr5a2 ChIP-
seq peaks and E13.5 germ cell enhancers as compared to
enhancers of NPC and ProB (p < 0.002) (Figure 3C). This germ
cell enrichment was not observed for n-Myc and E2f1, which
also have motifs enriched at class 1 gene regulatory elements,
despite having similar expression patterns asNr5a2 in germ cells
(Figure S1E). Interestingly, we also found a higher overlap ofFigure 3. Identification of Nr5a2 as a Potential Regulator of Germ Cell
(A) Microarray heatmaps of class 1 (early) and class 2 (late) genes that are differe
(B) Frequency of top ten enriched motifs found at H3K27ac-marked regions tha
TRANSFAC and JASPER databases.
(C) A higher overlap was observed between Nr5a2 binding (mouse ESC ChIP-seq
binding at cell-type-specific enhancer regions are expressed as fold relative to Pr
at germ cell enhancer regions compared to NPC and ProB. Nr5a2 binding of ge
shared between ESCs and germ cells and (2) germ cell enhancers that could be
(D) Nr5a2 and p300 ChIP-qPCR at germ cell enhancer regions (N1–N10) that ove
(E)Nr5a2 knockdown negatively affects in vitro germ cell differentiation. Luciferase
ESM (ES cell medium) and EGM (RA) (embryonic germ cell media supplemented
a ratio of the respective control frequencies. Data represent the mean ± SEM fo
See also Figure S3.
Developmgerm cell enhancer regions with Sox2 and Nanog peaks (Fig-
ure S3A). We validated that Nr5a2 is expressed and binds to
these germ cell enhancer regions (also p300-bound) in E13.5
germ cells (Figures 3D, S3B, and S3C), suggesting that Nr5a2
may be a potential regulator of germ cell development.
Nr5a2 Is Implicated in Germ Cell Biology
Knockout of Nr5a2 results in embryonic lethality by 7.5 days
postcoitum (Pare´ et al., 2004), so it is challenging to ascertain
its function in germ cells in vivo. To investigate if Nr5a2 has
any function in germ cells, we tested the effect of Nr5a2 knock-
down on in vitro germ cell differentiation (West et al., 2006).
Using the EOS-C(3+) reporter comprising three copies of the
distal Pou5f1 enhancer (Hotta et al., 2009), GFP+ germ cell-like
cells that were enriched for germ cell marker expression could
be purified from day 7 embryoid bodies (EB) (Figures S3D and
S3E). The GFP+ cells of both Luci control knockdown and
Nr5a2 knockdown day 7 EBs (Figure S3F) were similarly FACS-
purified and cultured in EGC-conversion medium (EGM) in the
presence of retinoic acid (RA) for 5–7 days prior to detection of
converted EGCs by alkaline phosphatase (AP) staining (West
et al., 2006). Consistent with published reports that Nr5a2 is
dispensable for ESC maintenance (Wagner et al., 2010), Nr5a2
knockdown resulted in a marginal reduction in AP+ colonies in
ESC medium (ESM) before EB differentiation (Figures 3E, S3G,
and S3H). In contrast, a drastic reduction in AP+ colonies was
observed for Nr5a2 knockdown cells after EB differentiation
and culture in EGM (RA) conditions. We harvested RNA from
GFP+ cells of day 7 EBs and found that postmigratory germ
cell markers, but not early germ cell genes, were expressed at
reduced levels in the Nr5a2 knockdown EBs (Figure S3I), thus
implicating Nr5a2 in germ cell biology. However, we do not
exclude the possibility that Nr5a2 could also affect EGC conver-
sion. Further study, such as conditional knockout, is required to
validate Nr5a2’s role in germ cell development in vivo and to
determine whether Nr5a2 functionally regulates its bound genes
in germ cells in vivo.
Germ Cells Have the H3K27me3 Histone Modification at
Sites Enriched for Retrotransposon Repeats
To examine the status of poised or repressed regions, we plotted
the H3K4me3 and H3K27me3 ChIP-seq signals for the union of
H3K27me3-marked regions in ESCs, germ cells, and other
somatic cell types (NPC, mouse embryonic fibroblast [MEF],
and whole brain) (Mikkelsen et al., 2007). As compared to other
somatic cell types, germ cells share more bivalent regions withBiology
ntially expressed in E11.5, E13.5, and E15.5 germ cells.
t are within 10 kb class 1 and class 2 genes. Motifs were searched using the
peaks) and germ cell enhancer regions. The frequencies of transcription factor
oB’s frequency. Asterisks indicate significant (p < 0.002) enrichment of binding
rm cell enhancers in ESCs represents a combination of (1) enhancers that are
primed or ‘‘bookmarked’’ by Nr5a2 in ESCs, but are not active in ESCs.
rlap with Nr5a2 peaks. Data represent the mean ± SEM.
andNr5a2 knockdown cells purified from day 0 and day 7 EBswere cultured in
with retinoic acid), respectively. Quantitation of AP+ colonies is expressed as
r ESM (n = 2) and EGM (RA) (n = 3).
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H3K27me3-marked regions were obtained (Figure 4A), with
classes 4 and 7 marked by H3K27me3 more prominently or
specifically in germ cells. This result is congruent with immuno-
histochemistry-based studies that show elevated levels of
H3K27me3 in germ cells compared to neighboring somatic cells
(Seki et al., 2005). Notably, ChIP-seq enabled the identification of
specific H3K27me3-marked genomic regions in germ cells.
GREAT analyses of class 7 regions (germ cell specific) revealed
enrichment terms related to immune system activation like
antigen processing and presentation, MHC class-1 complex,
cytokine-mediated signaling pathway, and leukocyte-mediated
cytotoxicity (Figure S4B). Indeed, immunity-related genes (e.g.,
TAP) at the MHC gene cluster are specifically marked by
H3K27me3 in germ cells (Figure 4B), unlike the Hox clusters,
which are marked by H3K27me3 in all examined cell types (Fig-
ure S4C). Athough class 4 regions may not be germ cell specific,
it is interesting that the single nearest genes, such as Snai1 and
Hnf1b, are enriched for developmental processes and cell differ-
entiation functions (Figure S4B and S4D). This suggests that
some developmental genes are repressed by H3K27me3 in
E13.5 germ cells.
Given that germ cells are DNA methylation deficient, we
hypothesized that H3K27me3 may be important to keep silent
genes repressed. We analyzed the occurrence of transposon
repeats in the top H3K27me3-marked regions (above 95th
percentile) of each cell type, and found that germ cell
H3K27me3-marked regions contain more SINE-B2, SINE-B4,
LINE-L1, LTR-ERVK, and LTR-MaLR repeats (Figures 4C and
S4E). Therefore, germ cells have an epigenetic landscape that
potentially represses retrotransposons and protect genomic
integrity of the germline.
DISCUSSION
Chromatin profiling can be a powerful technology to uncover
regulatory sequences in which sample material is limiting (Adli
et al., 2010). Here, we demonstrate that our modified small-scale
ChIP-seq method can be robustly performed on a small number
of purified cells (less than 100,000) and provides a way to study
early mammalian development in vivo. We expect that this
method is ideally suited to study early developmental processes
whereby the subject material is limiting.
We also provide genome-wide histone modification data for
in vivo fetal germ cells, which facilitated the determination of
active and inactive cis-regulatory elements. By comparison
with other cell types, we identified germ cell promoter andFigure 4. H3K27me3-Marked Regions that Are Present in Germ Cells
(A) Plot of H3K4me3 (mK4) and H3K27me3 (mK27) ChIP-seq signals for germ cells
window of 12 kb (6 kb to +6 kb) around the peak center is shown. The union of H
distinct classes, with class 7 representing regions with H3K27me3 enriched in g
(B) UCSC browser view of a class 7 region. Highlighted regions indicate genomic
and whole brain.
(C) The frequency of top H3K27me3 sites (above 95th percentile in each cell type)
above 95 percentile and lying on a repeat family) / (bins with H3K27me3 above 95
cells (two proportion z-test: p < 0.001).
(D) Model illustrating major categories of genes that distinguish ESCs from E11.5
See also Figure S4.
Developmenhancer signatures that are implicated in reproduction-related
phenotypes. Taking a step further, we found that the Nr5a2 motif
is enriched at active regulatory elements that are located adja-
cent to differentially expressed genes in postmigratory germ
cells. We tested the effect of Nr5a2 knockdown using an
in vitro differentiation model, and our results implicate Nr5a2 in
germ cell biology. Given that the EB-differentiated germ cell-
like cells may not provide the most ideal representation of in vivo
germ cells, it is important to further study the role of Nr5a2 using
in vivo animal models.
Comparison of H3K27ac-marked sites among germ cells,
ESCs, and three somatic cell types defined clusters of genes
that are differentially marked and predictive of functional cate-
gories. For example, regions active in both ESCs and germ cells
(Figure S2B, class 1) could be the minimal set of promoters or
enhancers essential for activation of genes that prevent differen-
tiation (stem cell maintenance) (Figure 4D). This epigenetic simi-
larity between ESCs and germ cells may explain why the latter
can regain pluripotency more readily than other cell types. On
the other hand, ESC-specific active regions (class 2), which
could be needed for the multiple lineage differentiation potential,
are not marked by H3K27ac in germ cells. Our data also reveal
other germ cell features that potentially serve as barriers to
pluripotency. Apart from the active status of reproductive and
spermatogenesis genes, E13.5 germ cells have activated the
TGF-b signaling pathway that inhibits germ cell proliferation
(Moreno et al., 2010). Furthermore, we found that germ cells
have higher levels of H3K27me3 at genes enriched for develop-
mental and differentiation functions (Figure 4A, class 4), suggest-
ing that lineage-specific differentiation options are blocked.
Although it is already known that germ cells lose DNA methyl-
ation and gain H3K27me3 during migration (Seki et al., 2005),
our study uncovers the sites that are marked by H3K27me3 in
germ cells only. Our analyses also reveal that H3K27me3 could
be important to keep retrotransposons repressed in the DNA
hypomethylated germ cells, so as to preserve genomic integrity
of the germline. Interestingly, germ-cell-specific H3K27me3
regions are also enriched for genes involved in activation of
immunogenicity. In postnatal mice, the blood-testis barrier and
other immune mechanisms have evolved to suppress immune
response to spermatozoa (Meinhardt and Hedger, 2011). Our
results suggest that fetal germ cells have utilized H3K27me3 to
suppress the expression of genes that could trigger immune
activation and cell death. Future studies are required to examine
whether other repressive histone modifications, such as
H3K9me3, which is present in fetal germ cells (Henckel et al.,
2012), also have similar functions as H3K27me3.(E11.5 and E13.5), ESC, NPC, MEF, and whole brain (Mikkelsen et al., 2007). A
3K27me3-marked regions in the examined cell types was clustered into seven
erm cells.
locations that have H3K27me3 in E13.5 germ cells, but not in ESC, MEF, NPC,
that overlap with repeats. This fraction can be written as (bins with H3K27me3
percentile). Asterisks indicate significantly lower frequencies than E13.5 germ
and E13.5 germ cells.
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seq data, we provide insight into germ cell promoter and
enhancer signatures, potential regulators, and epigenetic
features of germ cells in vivo. We envisage that small-scale
ChIP-seq will provide an invaluable tool to study in vivo develop-
ment on a genome-wide scale.
EXPERIMENTAL PROCEDURES
Germ Cell Purification
GFP+ germ cells were FACS purified (FACSAria II SORP, BD Bioscience) from
trypsinized E13.5 gonads (Pou5f1-GFP JAXR mice stock number 004654 X
WT-CD1). All animal procedures were performed according to the Singapore
A*STAR Biopolis Biological Resource Center Institutional Animal Care and
Use Committee (IACUC Protocol No: 110648).
ChIP
For small-scale ChIP, 0.2 ml PCR tubes (Axygen) were used to reduce sample
loss. FACS-purified germ cells were fixed in 1% formaldehyde (room temper-
ature, 10 min), quenched with 1 vol 250 mM glycine (room temperature, 5 min),
and rinsed with chilled TBSE buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA) twice before storage at 80C. After thawing on ice, fixed cells were
pooled into a PCR tube for each ChIP and centrifuged (2,000 rpm, 10 min).
Cell pellet is not visible, hence supernatant was carefully removed such that
10 ml remains. Cells were lysed with 100 ml 1% SDS Lysis Buffer (on ice,
5 min) and then centrifuged (2,000 rpm, 10 min). Remove supernatant as
described above and resuspend samples in 100 ml of 0.1% SDS buffer.
Samples were sonicated 9 times (30 s pulses with 30 s break interval) using
the Bioruptor water bath sonicator (Diagenode). Chromatin extracts were
then precleared with Dynal Magnetic Beads (Invitrogen) (4C, 1 hr) followed
by centrifugation (2,000 rpm, 30 min). Supernatant (precleared chromatin)
was immunoprecipitated overnight with Dynal Magnetic Beads coupled with
anti-H3K4me3 (04-745, Millipore), anti-H3K27me3 (07-449, Millipore), anti-
H3K27ac (ab4729, Abcam), and H2BK20ac (ab52988, Abcam) antibodies.
On the next day, beads were washed (nutate in 0.1% SDS buffer for 4 min
thrice then once in TE buffer) and elution was performed in a PCR machine
(68C, 10 min). After reverse crosslinking (with pronase at 42C for 2 hr and
67C for 6 hr) and DNA purification (phenol-chloroform extraction), small-scale
ChIP DNA was subjected to 15 cycles of amplification with the GenomePlex
Single Cell Whole Genome Amplification Kit (WGA4, Sigma) using universal
primers linked to BpmI restriction site. Amplified ChIP DNA was column-
purified (QIAquick) and restriction digested with BpmI (NEB). Samples were
column-purified again, ligated to BpmI-containing adaptors (T4 DNA Ligase,
NEB; 16C for 2 hr) and subjected to a second round of BpmI digestion prior
to ChIP-seq library preparation (ChIP-Seq DNA Sample Prep Kit IP-102-
1001, Illumina; Supplemental Experimental Procedures). Real-time qPCR
was performed (ABI PRISM 7900 Sequence Detection System) and relative
occupancy values were determined by the immunoprecipitation efficiency
(amount of immunoprecipitated DNA relative to input). For Figures 1C and
1D, WGA1 and WGA2 ChIP-seq libraries were generated using 50 pg
normal-scale ChIP DNA (quantified using Quant-iT PicoGreen, Invitrogen) for
WGA, post-ChIP processing, and ChIP-seq library preparation as technical
replicates.
Microarray
RNAwas extracted from FACS-purified cells using the Arcturus PicoPure RNA
Isolation Kit (Applied Biosystems) and amplified using the Ovation RNA Ampli-
fication System V2 (NuGEN). Microarray data (Illumina MouseWG-6 Expres-
sion BeadChip version 2.0) were generated for E11.5, E13.5, and E15.5
germ cells, and GFP-negative nongerm cells of the gonad.
EB-Mediated In Vitro Differentiation
Mouse ESCs were trypsinized and cultured in noncoated 96 wells overnight
in EB medium (ESC medium without b-mercaptoethanol and LIF; with
1.0 mg ml1 puromycin for selection). On day 1, the EBs were transferred
into noncoated Petri dishes in EB medium. On day 7, EBs were dissociated
(West et al., 2006) and FACS-purified GFP+ cells were cultured on feeder332 Developmental Cell 24, 324–333, February 11, 2013 ª2013 ElsevMEFs in ESC medium containing 15 ng ml1 bFGF (Invitrogen), 30 ng ml1
SCF (R&D), 5 mM RA (Sigma), and 1.0 mg ml1 puromycin. After 5–7 days,
AP staining was performed using a commercial ESC characterization kit
(Chemicon) according to the manufacturer’s protocol.
Computational Analysis
All ChIP-seq and input control tag data were binned in the form of 200-bp
bins. Guanine-cytosine (GC) bias correction was done for ChIP-seq data
using respective input controls. Peak detection was done on binned GC-
corrected signals after convolving it with a kernel just as in F-Seq; however
here, kernels were first learned using enriched regions for each ChIP-seq
data. ChIP-seq peaks overlapping repeats (RNA repeats, satellites, and
segmental duplications) and peaks in input control were removed as false
positives. For E13.5 germ cells, only peaks that were present in both biolog-
ical replicates were included in the final set. Sites with overlapping peaks
from H3K27ac ChIP-seq but not overlapping H3K4me3 or H3K27me3
peaks were taken as active enhancers in E13.5 germ cells. The UCSC
browser view figures were plotted using GC-corrected signals after kernel
convolution.
Clustering of binned ChIP-seq data was done after blurring them with rect-
angular mean kernel and taking log-transformation in order to have less effect
from noise and outliers (Supplemental Experimental Procedures).
To find enrichment of motifs in different classes of peaks, genes were first
classified according to their expression patterns in E11.5, E13.5, and E15.5
germ cells. H3K27ac and H2BK20ac peaks within 10 kb of TSS of genes
were then used to find enrichment of motifs in different classes (Supplemental
Experimental Procedures).
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